H yponatremia, defined as a serum sodium level of less than 135 mEq/L, is one of the major electrolyte disorders in acute hospitalized patients, 1 and its prevalence in patients with acute heart failure (AHF) could be as high as 25%. [2] [3] [4] It is believed that hyponatremia in AHF is usually a problem of impaired water excretion rather than sodium depletion, attributed mainly to the increase of nonosmotic release of arginine vasopressin (AVP). 5 Previous studies have demonstrated the prognostic impacts of on-admission serum sodium levels in patients hospitalized for AHF. [6] [7] [8] [9] A lower serum sodium level in AHF may indicate poor water excretion attributed to cardiorenal insufficiency, which was therefore related to a worse clinical outcome. In contrast, the prognostic value of the changes of sodium levels in AHF patients during hospitalization has been less clear. For example, treatment of hyponatremia in AHF patients with the vasopressin antagonist in the EVEREST study showed an improvement in serum sodium levels and heart failure signs and symptoms, but not clinical outcomes. 10 In addition, in observational studies, the changes of serum sodium levels during hospitalization for AHF were not a predictor of longterm survival, whereas on-admission hyponatremia indeed was related to their prognoses. 11, 12 These results may suggest that hyponatremia is a marker of more-severe disease, but not a treatment target in AHF.
In contrast, other studies showed that hospital-acquired hyponatremia was a risk factor for increasing mortality in AHF. A correction of hyponatremia during hospitalization was associated with less subsequent mortality and heart failure readmission. 13 In the subgroup of patients with a serum sodium level of <130 mEq/L, rather than 130 to 135 mEq/L, in the EVEREST study, tolvaptan indeed improved cardiovascular mortality and morbidity. 14 Therefore, the study aims are to evaluate the survival impacts of on-admission hyponatremia and treatment-related changes of serum sodium levels within the hospitalizations for AHF.
Methods Study Population and Data Collection
The study population was drawn from the HARVEST registry (Heart Failure Registry of Taipei Veterans General Hospital) where patients presented with new or exacerbated symptoms and signs of heart failure, fulfilled with the Framingham criteria, were eligible. 15 From October 2003 to December 2012, a total of 2663 patients were admitted primarily for AHF. Patients with acute coronary syndrome, severe hepatic disease, or severe infection have been excluded. Subjects with complete data of on-admission serum sodium, creatinine and hemoglobin levels, at-discharge sodium levels, and echocardiographic examinations were eligible for the present analysis. Among them, 107 patients were excluded because of either missing data of sodium levels on admission or loss of follow-up. Medical history, findings of physical examinations, biochemical tests, and prescriptions were prospectively logged in a Web-based electronic medical recording system. Subjects who were enrolled in this registry gave informed consent. The investigation conformed to the principles outlined in the Declaration of Helsinki, and the institutional review board of Taipei Veterans General Hospital (Taipei, Taiwan) approved the study. Left ventricular ejection fraction (LVEF) was measured by M-mode quantification method in accord with the recommendations of the American Society of Echocardiography, 16 as well as the ratio of transmitral flow velocity to mitral annulus motion velocity in early diastole (E/e'). Subjects with LVEF of <50% were referred to have reduced LVEF. N-terminal probrain natriuretic peptide (NT-proBNP) was available in patients hospitalized in 2009 and after. Estimated glomerular filtration rate (eGFR) was calculated by a modified modification of diet in renal disease equation based on the Chinese population. 17 
Definition of Hyponatremia
Hyponatremia was defined as a serum sodium level of <135 mEq/L, whereas severe hyponatremia was referred to a sodium level of <125 mEq/L. 18, 19 Changes of sodium levels were available in 2528 subjects and calculated as the difference between the sodium levels at discharge and on admission, which was further stratified into 3 categories: no drop of sodium levels; drop of sodium levels ≤3 mEq/L; and drop of sodium levels >3 mEq/L during hospitalization.
Follow-up
Mortality statistics for the study populations were obtained by linking our database to the National Death Registry (NDR) with a follow-up duration of up to 4 years. The NDR database registers valid information according to the International Classification of Disease, Ninth Revision (ICD-9). The ICD-9 codes for cardiovascular death were 390 to 459. 20 
Statistical Analysis
Means, SDs, and percentages were used to describe the characteristics of the study population, compared by using Student t test and chi-square test. The prognostic difference between patients with normonatremia, hyponatremia, and severe hyponatremia were analyzed by Kaplan-Meier survival analysis and pair-wise comparisons. Cox proportional hazards models were used to identify the predictors of all-cause or cardiovascular mortality with adjustments for age, sex, renal function, hematocrit, LVEF, and the prescribed medications. The joint effect of on-admission serum sodium levels and treatment-related changes of sodium levels was evaluated by stratifying the study population into 4 subgroups according to the presence or absence of hyponatremia on admission and drop of sodium levels during hospitalization. A P value of <0.05 was considered statistically significant. Analyses were performed using the statistical package SPSS (version 18.0; SPSS, Inc., Chicago, IL)
Results
A total of 2556 patients (76.4AE12.9 years; 1725 [67%] men; 1020 [40%] systolic heart failure) were enrolled in this study, and 360 subjects (14%) among them had hyponatremia on admission. Baseline characteristics of the patients with or without hyponatremia were described in Table 1 . Patients with hyponatremia were older and more likely to have hypertension, diabetes, and stroke. Sex distribution and presence of coronary artery disease were not significantly different between groups. LVEF was similar in both groups, but patients with hyponatremia had higher E/e'. In addition, hemoglobin levels and hematocrit were lower, and NT-proBNP levels were higher in patients with hyponatremia. Renal function and glucose levels were not different. Patients with hyponatremia had lower serum sodium levels, both on admission and at discharge, than patients with normonatremia. There was an increase in sodium levels during hospitalization in hyponatremic patients, but a decrease in those without hyponatremia on admission. Hyponatremic patients were less often prescribed with b-blockers, renin-angiotensin system (RAS) blockades, and spironolactone than normonatremic patients.
Hyponatremia and Clinical Outcomes
Comparing to patients with normal serum sodium levels, patients with on-admission hyponatremia had higher inhospital, 90-day, and 4-year mortality rate ( Figure 1 ). Subjects with severe hyponatremia had the worst clinical outcomes, in contrast to those with mild hyponatremia or normonatremia ( Figure 2 (Table 3 ). In the subgroup analyses, hyponatremia was consistently associated with higher risks for all-cause mortality in various subpopulations after accounting for age, regardless of age > or ≤75 years, men or women, reduced or preserved LVEF, and with or without chronic renal disease (Figure 3) . There was only a significant interaction between age and on-admission hyponatremia (P=0.030). Furthermore, a drop of sodium levels during hospitalization was also an independent risk factor across all subgroups (Figure 3 ).
Treatment-Related Changes of Serum Sodium Levels and Clinical Outcomes
On-admission hyponatremia in combination with a drop of serum sodium levels during hospitalization was associated with a higher mortality rate in this study population, demonstrated by Kaplan-Meier survival curve analysis (Figure 4) . Such incremental effects were also presented in patients with either preserved or reduced LVEF (Figure 4) . Combined on-admission hyponatremia and drops of sodium levels was also significantly associated with higher mortality rate than either alone in Cox proportional hazards models (Table 4 , Model 1). The joint effect of on-admission hyponatremia and drops of sodium levels remained significant when age, sex, hematocrit, eGFR, LVEF, prescribed medications, and even NT-proBNP were accounted for ( Table 4 , models 2-4). In patients with on-admission hyponatremia, a drop of sodium levels of >3 mEq/L was associated with a marked increase in mortality than those with a drop of ≤3 mEq/L or no drop of sodium levels ( Figure 5 ). In patients without hyponatremia on admission, mortality was also increased with severity of drops of sodium levels during hospitalization ( Figure 5 ).
Discussion
In the present investigation, we reconfirmed that onadmission hyponatremia in AHF patients was associated with an increase in short-and long-term mortality. 21, 22 A doseresponse relationship between severity of hyponatremia and clinical outcomes was also observed. In addition, changes of serum sodium levels during hospitalization for AHF would exert an incremental prognostic impact on top of onadmission sodium levels.
Hyponatremia and Clinical Outcomes in AHF
Hyponatremia is a common disorder in patients with either acute or chronic heart failure, caused mainly by impaired water excretion instead of sodium depletion. The underlying pathophysiology may involve an increase of nonosmotic release of AVP attributed to baroreceptor activation and decreased distal renal tubular flow attributed to compromised glomerular filtration. 23 The question in need of an answer is whether hyponatremia is an active contributor to poor outcomes in heart failure or whether it is simply associated with poor outcomes, because it tends to occur in patients with more-advanced disease. Although the EVEREST study presented a disappointing result that improving serum sodium levels did not correspond to better clinical outcomes, 10 the post-hoc analysis indeed suggested that a correction of severe hyponatremia was beneficial. In this study, we demonstrated that the more severe the hyponatremia, the more poor the outcome. This may support that patients with severe hyponatremia would be more likely to get benefits by correcting serum sodium levels.
Prognostic Impact of Serum Sodium-Level Change During Hospitalization
In contrast to the EVEREST study, the ACTIV trial has shown favorable short-term survival at 60 days in hyponatremic or reduced ejection fraction (HFrEF; C), stratified by on-admission serum sodium level and change of serum sodium level during hospitalization. Group 1=normonatremia on admission without any drop of serum sodium level during hospitalization; group 2=normonatremia on admission with a drop of serum sodium level during hospitalization; group 3=hyponatremia on admission without any drop of serum sodium level during hospitalization; group 4=hyponatremia on admission with a drop of serum sodium level during hospitalization.
patients who experienced improvements of serum sodium levels during hospitalization. 2 However, only 21.6% of the study population was selected for this post-hoc analysis, giving the selection bias as a major confounder. In the Korea AHF registry of 2888 subjects, treatment-related changes of serum sodium levels during hospitalization did not correlate with clinical outcomes. Among the 19.9% of the study population that presented with hyponatremia at admission, the comparisons between those with persistent hyponatremia and improved hyponatremia showed no significant difference, as well. 11 In another observational study of 322 AHF patients with hyponatremia at admission, Madan et al. showed that changes of sodium levels within 60 to 270 days were a strong predictor of long-term survival. 12 However, the treatmentrelated change of sodium levels during hospitalization was not a predictor of mortality during a median follow-up duration of 20 months. 12 In contrast, Konishi et al. suggested that newonset hyponatremia during hospitalization for AHF in patients who were normonatremic at admission was related to an increase in 1-year death and cardiac events. 24 In the present study, with a longer follow-up duration, we clearly demonstrated that treatment-related changes of sodium levels were an independent risk for long-term mortality in AHF patients presenting with hyponatremia or normonatremia. Fluctuations of sodium levels during hospitalization had a prognostic impact on top of the on-admission sodium levels in both patients with preserved or reduced LVEF.
Subgroup Analyses
Whereas renal function is a major determinant of serum sodium levels in AHF, 25 Lee et al. clarified a significant interaction between blood urea nitrogen (BUN) and improved hyponatremia. 11 However, improved hyponatremia was related to better outcomes only in subjects with elevated BUN. Because elevated BUN is a complex indicator related to impaired left ventricular function, poor renal function, inadequate kidney perfusion, hypovolemia, hyperprotein diet, and even gastrointestinal bleeding, the interaction between renal function and hyponatremia remains a controversy. In this study, we illustrated that both on-admission hyponatremia and drop of sodium levels during hospitalization consistently correlated with worse long-term outcomes both in the elderly and the young, in men and women, in patients with reduced or preserved LVEF, and in patients with preserved or impaired renal function. In addition, there was a trend that hyponatremia carried a higher risk in the elderly than in the young.
Study Limitations
There were several limitations in the present study. First, this was a single-center registry and the mean age of the study population was 76.4 years, which might be the oldest population among the publish data. 11, 24, 26 Because the inhospital mortality of the study population was 3.9%, which was the same as other studies, 11, 27 the disease severity and quality of care were supposed to be equal to other study populations. Given a more prominently prognostic impact of sodium-level changes compared to other studies, the study might support hyponatremia in AHF as a more relevant issue in the elderly. Second, we were not able to demonstrate the fluctuations of individual fluid status, which might confound the prognostic impacts of sodium levels. However, we have adjusted all the observed confounders to show the independently prognostic values of sodium levels. Third, NT-proBNP was only available in 37.6% of the study population. In this subset of 961 patients with available NT-proBNP data, there were 266 mortalities. We therefore still had sufficient power to demonstrate the prognostic value of sodium levels independent of NT-proBNP. Fourth, 103 patients were excluded because of missing data of on-admission sodium levels; however, their 4-year mortality rate (39%) was not different from this study population. Given the selection bias a major confounder of an observational study, the study results should be carefully interpreted. Last, the study only analyzed the mortality endpoint. Further work is needed to address the risks of hyponatremia for morbidities, such as heart failure rehospitalization, in patients with AHF.
Conclusions
On-admission hyponatremia was an independent predictor for short-and long-term mortality in patients hospitalized for AHF. In addition, the treatment-related changes of sodium levels were also correlated with the clinical outcomes in patients with either reduced or preserved LVEF and in patients with or without chronic kidney disease. Combining on-admission hyponatremia with changes of sodium levels during hospitalization may further improve the risk classification for AHF patients.
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